Summary. Penicillin-resistant Streptococcus pneumoniae strains isolated in different parts of Germany between 1982 and 1992 were compared with penicillin-resistant isolates, mainly of serogroups 6, 9, 14, 19 and 23, from other European countries. The main clones were recognised by their serotypes, antibiotic resistance patterns and penicillin-binding protein properties, and this typing was confirmed by multi-locus enzyme electrophoresis for a sample of 43 selected isolates. Eleven of the 14 resistant German isolates could be assigned to five genotypes isolated also in other countries. These included representatives of two distinct serotype 23F lineages predominant in Spain and France; a cluster of three serotype 6B isolates identical to clones in Spain, France, Finland and Hungary; and a serotype 9V clone of a type prevalent in Spain and now also in France. Serotype 19A clones of the type found in Hungary were not collected in Germany. The data suggest that two 23F lineages, represented by seven isolates from different locations, have become disseminated in Germany.
Introduction
Streptococcus pneumoniae strains that are resistant to penicillin and, often, to other antimicrobial agents, are reported with increasing frequency worldwide.'> The European countries with a high incidence of resistant isolates are Spain and Hungary, both of which reported resistance rates of 2 40% as early as the mid-1 9 8 0~.~-~ The clonal structure of penicillinresistant pneumococci differs markedly between these two countries: clones of serotypes 6B, 9V and 23F dominate in Spain,7 whereas most resistant isolates in Hungary are of serotype 19A.* Resistant isolates apparently belonging to some of these clones have been isolated also in other countries or even continents. Thus, the multiresistant serotype 23F clone has been found also in the USA'? lo and in South A f r i~a ,~ and in 1989, the multiresistant Spanish 6B clone was isolated also in Iceland, where it has since spread rapidly.' Therefore, the global increase of resistance in pneumococci is partly due to international spread of a few clones.
Isolates with reduced susceptibility to penicillin (MIC 2 0.1 mg/L) were occasionally isolated in Jena, in the eastern part of Germany, during the period 1982-1989, and also, since 1986, in various West Berlin hospitalsl2Y l3 (Hakenbeck, unpublished data) . Between 1988 and 199 1, a penicillin-resistance rate as high as 7.6% was reported in West Germany and the first highly resistant (MIC > 1 mg/L) isolates were recorded.'* Nevertheless, the overall susceptibility of pneumococcal isolates in Germany remains favourable and, in a recent study, < 20% of 844 isolates from patients with systemic infections had reduced susceptibility to peni~i1lin.l~ It is not clear .whether the resistant isolates in Germany are genetically related to clones from other countries where pneumococcal resistance is com- 23F  23F  23F  23F  23F  23F  19A  6B  14  14  6B  6B  6B  6B  6B  6B  19F  14  14  23F  23F  19F  9 v  NT  19F  9 v  9 v  9 v  19A  19A  19A  19A  19A  19A  19A  19A  19A  23F  23F  23F  23F  23F  23F   1984  1992  1991  1991  1992  1992  1987  1990  1987  1987  1990  1991  1988  1992  1991  1987  1988  1988  1992  1989  1990  1988  1985  1992  1985  1987  1991  1992  1990  1990  1989  1991  1991  1991  1990  1992  1990  1988  1986  1992  1992  1992  1990   1-5-2  22  2  22  2 
Materials and methods

Bacterial strains
The isolates examined, and their relevant properties, are listed in tables I and 11. Twenty-six isolates from Germany were included initially : seven penicillinresistant and five penicillin-susceptible isolates obtained during 1982-1989 in Jena (formerly East isolates from other European countries were used as controls and were selected as representatives of resistant clones prevalent in those countries. Stock cultures, containing glycerol 10 %, were prepared from cells grown in C-medium16 without aeration at 37°C and were stored at -80°C.
Susceptibility tests
Susceptibilities to tetracycline and chloramphenicol were scored by diffusion tests on sheep blood agar plates with disks containing 30pg of antibiotic (Becton-Dickinson, Heidelberg, Germany). MICs of /I-lactam antibiotics were determined in the laboratory on sheep blood agar plates : the E-test method (Difco Laboratories, Augsburg), was used for benzylpenicillin, whereas the MICs of oxacillin and cefotaxime were determined with narrowly-spaced antibiotic dilutions in blood agar plates incubated at 37°C.
Detection of PBPs
PBP profiles were characterised, following a published procedure, after labelling with 3[H]propionylampicillin and separation by SDS-PAGE.12 Immunostaining and epitope characterisation were with rabbit antisera and mouse monoclonal antibodies (MAbs) directed against PBPla or 2b, as described previous1y.l' Two MAbs directed against PBPla were used (MAbs 301 and 221), and two directed against PBP2b (MAbs 16 and 502).13. l7
MLEE
Horizontal starch gel electrophoresis and enzyme assays were performed essentially as described previously except that, for lactate dehydrogenase (LDH), Buffer A was l8 Mobility variants, termed electromorphs, of each enzyme were numbered in order of decreasing anodal migration. Distinct electromorphs were equated with distinct alleles at the corresponding structural gene loci. The absence of an enzyme activity, implying a "null" (i.e., absent or defective) allele, was verified by testing new extracts. Each isolate was characterised by a 17-digit allele profile number, consisting of the scores for each of the 17 enzymes assayed. Distinct combinations of the 17 alleles were designated as electrophoretic types (ETs).
Statistical analyses
The genetic distances between pairs of ETs were calculated according to the method of Selander et a1.18 A dendrogram was generated by the average linkage methodlg of clustering from a matrix of coefficients of pair-wise genetic distances, based on the 17 enzyme loci. Null alleles were not considered in the statistical analysis, since they may have been introduced during passage in the laboratory, and because they may distort the relationships measured.
Results
PBP properties
PBP profiles were studied for the 26 isolates from Germany, 24 isolates from Hungary, mainly of serotypes 19A, 23F and 6B, and representatives of resistant clones prevalent in Spain (serotypes 23F, 6B and 9V), France (6B, 23F, 9V) and Finland (6B, 23F)7120 (L. Gutmann, personal communication). In addition to PBP assays with penicillin, antibodies were used to distinguish epitope variants of PBPla and 2b (table Among the isolates from West Germany and Berlin, a preponderance of serotype 23F organisms was noted (10 of 14 isolates). Five of the more penicillin-resistant (MIC 0.5 mg/L) of these 23F isolates were also resistant to chloramphenicol and tetracycline, whereas resistance to the latter drugs was not seen among isolates of this serotype with lower levels of penicillin resistance. The isolates collected in West Germany and West Berlin also included single representatives of serotypes 6B, 9V and 14 and a non-typable isolate; the type 6B isolate (from Berlin) was also resistant to chloramphenicol and tetracycline, the serogroup 14 isolate was resistant to tetracycline only. Some of the 23F isolates, and also the 6B and 9V isolates, were highly resistant to penicillin (MIC 2 1 mg/L). The resistant isolates from East Germany included representatives of serotypes 6, 23F and 19F in addition to two non-typable isolates and single isolates of types 9V and 14. None of the East German isolates was highly resistant to penicillin or tetracycline, but three of the isolates were resistant to chloramphenicol.
As previous experience has shown that clones of resistant bacteria usually comprise only one serotype, and that members of one clone share PBP properties, it is appropriate to compare the German isolates with 111). those from other countries on a serotype-by-serotype basis. Serogroup 6. The three serogroup 6 isolates in the Jena collection (D202-E, D204-E and D205-E) were distinct in terms of PBP profile or antibody reactivity pattern, or both, from each other and from the six other 6B isolates originating from five other countries. On the other hand, strain D1 1 1-B, a serotype 6B isolate from West Berlin, appeared identical in its PBP properties to strain Sp670, a member of the multiresistant Spanish 6B clone. Two Hungarian 6B isolates, Hul and Hu18, appeared identical to each other and, furthermore, strain F5, a French isolate of type 6B, resembled the Finnish 6B isolate FilO although it contained an immunologically distinct PBP2b variant, with an unusually low affinity for penicillin (table I and  fig. 1A) .
Serorjy 23F. Three groups of serotype 23F isolates were identified with PBP properties similar or identical to isolates from elsewhere in Europe, together with five single, distinct, isolates. The largest group included five isolates from West Germany. These resembled the multiresistant Spanish 23F clone, isolate F4 from France, and the Hungarian isolate Hu22 ( fig. 1B and  C ) . The second group included two isolates, D107-B and D310-W, from West Berlin and West Germany, respectively. These were identical to each other and to the French clone F1, which has intermediate penicillin resistance. Isolates D307-W and D308-B from West Germany and West Berlin, respectively, were similar but not identical to this cluster ( fig. 1B and C) . All these five isolates (D107-B, D307-W, D308-B, D310-Wand F 1) contained a PBP3 with lower electrophoretic mobility than is typical for pneumococci. This property was shared by the Hungarian 23F isolate, Hu3, which, however, had distinct PBP properties (fig. ID) . The third 23F cluster comprised the Hungarian isolate Hu6 and isolate D219-E from Jena (not shown).
Other serotypes. A serotype 9V isolate from West Germany had PBP properties identical to the Spanish and French isolates Sp628 and F6. Interestingly, the German isolate was from a Spanish child.14 This clone is now common in Spain and in France (fig. 1B) . A resistant isolate of serotype 14 obtained in West 23F  3  2  3  2  2  1 2 2 / 0 1  1 2 / 0 1  1  3  1  2  1  23F  2  2  3  2  2  1  2  2  1  1  2  1  1  3  1  2  1  19A  4  2  3  2  2  1  2  2  I  1  2  1  1  3  1  2  1  6B  3  2  3  2  2  1  2  2  1  1  2  1  1  1  1  2  1  14  3  2  3  2  2  1  3  2  1  1  2  1  1  1  1  2  1  14  3  2  3  2  2  1  3  2  1  1  2  1  1  3  1  2  1  6B  4  2  3  2 2 / 0 2  2  2  I  1  2  1  1  2  1  2  1  6B  3  2  3  2  2  2  2  2  1  1  2  1  1  2  1  2  1  6B  3  2  3  2  2  2  2  2  1  1  2  1  1  3  1  2  1  19F  3 Germany was identical to one collected in France (not shown). None of the German isolates resembled the Hungarian 19A isolates, which were very similar to one another and had a PBP3 of unusually slow electrophoretic mobility, as has been described previouslys. 21 (fig. 1D) . Surprisingly, the four MAbs distinguished four different antibody reactivity patterns among these isolates.
Genetic relationships
MLEE was performed on 43 isolates from six countries. Most were of serotypes 6B, 9V, 19A, 19F and 23F, as these were the serotypes most frequently associated with resistance. The isolates studied by the method included members of the groups of resistant strains that appeared identical in PBP profile, penicillin susceptibility and serotype (see above). Penicillinsusceptible strains were included to see whether they were related to resistant isolates of the same serotype. The dendrogram shown in fig. 2 depicts estimates of the genetic relationships among the 23 ETs thereby identified. The smallest genetic distance between two ETs (0-051) corresponds to a difference in a single locus.
Isolates with identical PBP properties and serotypes shared the same ET, or ETs differing at only one allele (table IV) . These data confirm the validity of the PBP analysis discussed a b~v e .~* l~ Five of the six ETs containing isolates from different countries included isolates from Germany. Resistant isolates with distinct PBP properties were distinct also in ET profile, except that two ET9 isolates gave different reaction patterns with the antibodies to PBP2b, and the Hungarian 19A isolates in ET 18 contained immunologically variable PBPs l a and 2b (see above). All the sensitive isolates were genotypically distinct from the resistant clones except for isolate Hu15, which grouped with sensitive isolates in ET19. Such heterogeneity within Hungarian 19A clones has been noted previously. 21 More generally, the MLEE analysis defined three lineages, designated A, B and C, diverging at a genetic distance of 0.27. Lineage A contained the most ETs, including the three major Spanish clones. Lineage B contained only three closely related ETs, all of which comprised Hungarian serotype 19A isolates. Lineage C contained three ETs, all of serotype 23F. The isolates of lineages B and C had a PBP3 of higher apparent mol.wt than is typical for pneumococci. The 23F isolates from West Germany were found in lineages A and C-specifically in ET1, together with the Spanish 23F clone, and in ET2s, in ET21 with the French 23F clone, and in ET22. The other four resistant isolates from West Germany were in four separate ETs, all belonging to lineage A. Three of these contained isolates of the same serotype from other West European countries, namely, the Spanish clones of type 6B (ET8) or 9V (ET17) and a French type 14 isolate (ETll). Five of the six isolates from East Germany were the single representatives of ETs in lineage A: only the 23F isolate D219-E clustered together with another organism, i.e. Hu6, also a 23F isolate, in ET12.
In lineage A, clusters of apparently closely related isolates of the same serotype were, firstly, the 23F isolates in ET1 and 2, and secondly, the 6B isolates in ETs 7,8 and 9. All clones in lineage B were also closely related, as were the two 23F clones of French and German origin in ETs 21 and 22.
Discussion
Penicillin-resistant S. pneumoniae isolates are very heterogeneous with regard to their MLEE profiles, PBP properties, and other characters.', 13* 21-23 Nevertheless, particular resistant clones have become common in certain areas, and some of these have spread between different countries and continent^.^, $11 In the present study, previous investigations on penicillinresistant pneumococci in Europe were extended. The main purpose was to characterise resistant isolates from Germany, where they are still infrequently reported, and compare these to isolates from other countries where resistant strains are common (Spain, France and Hungary). Previous experience has shown that characterisation of PBP profiles and antibody reactivity allows preliminary identification of clonallyrelated pneumococci and that these methods permit rapid screening of numerous isolate^.^. 13* l 7 Isolates of the serotypes most frequently associated with resistance (6B, 14,19A, 19F and 23F) were then subjected to a more detailed analysis by MLEE.
Resistant The only serotype 23F isolate from East Germany was genetically distinct from the two West European 23F clusters described above, but belonged to the same ET (ET12) as a Hungarian 23F isolate. A serotype 14 isolate from East Germany appeared to be related, but not identical, to a type 14 isolate from the Czech Republic. These isolates belonged to ETs 5 and 6, respectively .
These data indicate that the opportunity to travel may contribute to geographic spread : the isolates from East Germany were unique or, in one case, were related only to pneumococcal genotypes found in East Europe, whereas isolates from West Germany and West Berlin were often similar or identical to those from other West European countries. Nevertheless, many resistant isolates from West Germany as well as East were unique in terms of ET, or were not further characterised because they had unique PBP properties and were only intermediately resistant to one or both of oxacillin and cefotaxime, and were susceptible to chloramphenicol and tetracycline. The origin of these isolates is not known. Some of them may be related to clones from countries that were not included here. Alternatively resistance may have evolved independently in Germany on several occasions.
The recognition of closely-related but distinct clones poses several questions, but without a more detailed analysis at a molecular level, their evolutionary history or that of the genes conferring /I-lactam resistance cannot be deduced. The individual clones within such clusters were predominant in one country only, and had distinct PBP properties and antibiotic-resistance profiles, indicating a distinct evolutionary history, for an unknown period, for the strains themselves and for the penicillin-resistance determinants. In this context it is remarkable that, although the two 23F clones from Spain and France (ETl and 21, respectively) were found in West Germany, another two closelyrelated clones (ET2 and 22) were isolated at least as frequently. It is not clear when each clone appeared in the country, when they spread, and how their different susceptibilities to p-lactam antibiotics originated. Similarly, the serotype 6B cluster contained clones of three different ETs 7-9 from West as well as East Europe. Since travel in the East was very restricted in the recent past, it seems likely that the isolates dispersed into different countries decades ago. It remains possible that certain lineages of pneumococci are more likely to develop resistance than others. Studies of the PBP genes and other chromosomal
